INTRODUCTION
Acute diarrhea and malnutrition remain significant burdens of disease for children under five and disproportionately affect children living in low-and middle-income countries. Children under five have an estimated 2.9 episodes of diarrhea every year or nearly 1.7 billion episodes of diarrhea in 2010, with the highest burden of disease in Africa and southeast Asia. 1 Cholera infection, caused by the O1 or O139 subgroups of the bacterium Vibrio cholerae, is of particular concern because of the severe onset of profuse diarrhea that can cause death from dehydration within hours if untreated. 2 Three out of five subregions in Africa report rising numbers of children under five with stunting, a measure of chronic malnutrition, from 46% in 1990 to 58% in 2014. 3 Acute malnutrition shows similar geographic distribution, with 68% of children under five suffering from wasting living in Southern Asia and 28% living in Africa. 3 Malnutrition is particularly deleterious as it increases the risk of all-cause mortality and can increase the severity and the risk of mortality from common childhood illnesses, including diarrhea. The World Health Organization (WHO) estimates that almost half (45%) of all deaths of children under five are linked to malnutrition. 4 Acute and chronic malnutrition as well as micronutrient deficiencies are estimated to contribute to almost 3.1 million child deaths annually. 5 In 2013, a pooled analysis of ten prospective studies examining the association of malnutrition and disease-specific mortality found that the largest effects of malnourishment seen in mortality were from diarrheal diseases. 6 Conversely, diarrhea can also cause acute malnutrition and, if not addressed properly, frequent bouts can negatively affect child development and lead to chronic malnutrition. 7 Prompt and appropriate treatment of dehydration among children under five presenting with acute diarrhea is critical. Several scales have been developed to assess dehydration among children using various clinical signs of dehydration. The Dehydration: Assessing Kids Accurately (DHAKA) Score is an empirically derived scale that was developed and internally validated through the 2014 DHAKA study 8 and externally validated in a 2015 validation study. 9 The integrated management of childhood illnesses (IMCI) algorithm is a standard algorithm developed by WHO that has been in clinical use for more than a decade. 10 The clinical dehydration scale (CDS) was originally developed for use in children under 36 months in 2004 and has since been externally validated for children under five. 11, 12 Despite the widespread use of these and other clinical scales for assessing the extent of dehydration among children under 5 years in areas in which malnutrition and cholera are endemic, the predictive value of these scales has previously not been independently evaluated in children with malnutrition or those with diarrhea due to cholera. Given the large body of evidence indicating that children with malnutrition are at greater risk of severe morbidity and mortality from diarrheal disease and the substantial global burden of seasonal cholera outbreaks, it is important to ensure that diagnostic tools used to assess the degree of dehydration in children are also accurate in these populations.
MATERIALS AND METHODS
Study design and patient population. This study is a planned secondary analysis of data collected from two prospective cohort studies conducted in Dhaka, Bangladesh, at the International Center for Diarrheal Disease Research, Bangladesh (icddr,b). The iccdr,b provides free clinical services to Dhaka and its surrounding urban and rural areas, serving a catchment area of more than 17 million people. 13 The first study, the DHAKA derivation study, included children presenting with acute diarrhea to the rehydration (short stay) unit at the icddr,b from February to June 2014. The second study, a validation study conducted to confirm the findings of the original 2014 DHAKA study, replicated the 2014 methodology and collected data from a second sample of children who presented to the icddr,b with acute diarrhea from March to May 2015.
The two DHAKA studies and this planned secondary analysis were preregistered at ClinicalTrials.gov (NCT02007733), and ethical approval was obtained from the icddr,b Ethical Review Committee and the Rhode Island Hospital (Lifespan) Institutional Review Board.
Participant selection. All children younger than 60 months presenting to the iccdr,b rehydration unit (short stay) with acute diarrhea during the aforementioned study periods were eligible for enrollment. Acute diarrhea was defined using the WHO definition of three or more loose stools per day.
14 Research staff randomly selected eligible participants by pulling colored marbles from a black pouch. The exclusion criteria included fewer than three loose stools per day, diarrhea lasting for more than 14 days, a diagnosis other than gastroenteritis as per the examining physician, edema and previous enrollment in either the 2014 DHAKA derivation study or the 2015 validation study.
Data collection. After obtaining informed consent in Bangla, the local language, children were immediately undressed and weighed using an electronic scale to the nearest tenth of a kilogram. A study nurse clinically assessed the participant and classified the dehydration status. In the 2014 DHAKA study, dehydration was assessed using eight clinical signs of dehydration, namely general appearance, skin pinch, sunken eyes, tears, radial pulse, deep breathing, heart rate, and mucus membranes as described previously. 8 An additional clinical sign, thirst, was collected to score participants based on the IMCI algorithm and used as a part of the current analysis. The 2015 validation study assessed dehydration by first applying the DHAKA score, which was empirically derived through the 2014 DHAKA study, followed by the IMCI algorithm as described previously. 9 Scoring both of these assessments required assessment using the same clinical signs of dehydration as the 2014 DHAKA study. When available, a second study nurse who was blinded to the assessment of the first study nurse also clinically assessed each participant in both cohorts.
Study nurses assessed malnutrition by measuring the mid-upper arm circumference (MUAC) at admission using a standardized measuring tape. Study nurses also collected additional baseline historical and demographic data on participants, including age, sex, home district, days of diarrhea, the number of diarrheal episodes in the previous 24 hour period, and classified the type of diarrhea as one of three categories (watery, bloody, and rice water).
Clinicians followed established iccdr,b protocols for rehydrating all participants and weighed them, undressed, on the same scale every 8 hours to determine their postrehydration stable weight. Study staff telephoned the families of participants who did not achieve a stable weight before discharge daily and asked them to return for a postillness weight check once their diarrhea had resolved completely.
Variables of interest. Dehydration. The two highest consecutive weight measurements that differed by < 2% were averaged to establish each participant's stable weight as described previously. 9 We calculated the percent dehydration from the percent weight change with rehydration as follows: Percent dehydration ¼ ðstable weight À admission weightÞ stable weight Â 100
Dehydration was categorized as no dehydration (< 3% weight change), any dehydration (³ 3% weight change), and severe dehydration (> 9% weight change).
Clinical signs. Nine clinical signs of dehydration were assessed in both the 2014 and 2015 studies, namely general appearance, thirst, skin pinch, sunken eyes, tears, radial pulse, deep breathing, heart rate, and mucus membranes. In the initial studies, clinical signs were classified into three categories (i.e., normal skin pinch, slow skin pinch, and very slow skin pinch). For the purposes of these analyses, the assessments of the clinical signs were recoded as dichotomous variables, with the presence of any degree of the clinical sign categorized as the patient having the sign and the absence of the sign categorized as the patient not having the sign.
Malnutrition. The nutrition status was calculated using the MUAC as measured by the study nurses at admission. The MUAC has previously been established as the most accurate predictor of undernutrition in children with dehydration. [15] [16] [17] As per WHO guidelines, nutritional status was categorized as no acute malnutrition (MUAC ³ 125 mm), any acute malnutrition (MUAC < 125 mm), and severe acute malnutrition (MUAC < 115 mm). 18 Children with edema were excluded from enrollment in both DHAKA studies.
Diarrhea type. Study nurses classified the diarrhea type at presentation as bloody, watery, or rice-water based on the description of the stool color provided by the patient's parent or guardian or directly observed by the nurse. Rice-water diarrhea, which appears white or milky in appearance, is typically associated with diarrhea due to V. cholerae. 19 Because of logistical constraints, stool cultures were not performed to definitively identify the etiology of diarrhea in any of the children enrolled in these studies.
Data analysis. Demographic and presenting clinical characteristics were analyzed using descriptive statistics, including median/interquartile range (IQR) and number/proportion. Associations between demographic and presenting clinical characteristics, nutritional status, and diarrhea type were assessed using the χ 2 tests of independence for categorical variables and the Wilcoxon rank-sum tests for continuous variables. We assessed the effects of nutritional status and diarrhea type (rice-water versus watery) on the accuracy of the aforementioned nine clinical signs for predicting the presence of any dehydration by conducting separate stratified bivariate analyses for each of the dichotomous clinical signs. Effect modification was assessed using the Cochran-MantelHaenszel (M-H) test for the homogeneity of stratified risk ratios. In addition, we assessed for confounding by malnutrition and diarrhea type by calculating and comparing the crude and adjusted (M-H combined) risk ratios for each clinical sign.
We compared the accuracy of three clinical diagnostic models of dehydration, namely the DHAKA Score (Figure 1 ), the IMCI algorithm (Figure 2 ), and the CDS (Figure 3 ), in children with and without acute malnutrition and by diarrhea type (rice-water versus watery) by calculating each participant's score using the individual scale's scoring criteria. We then calculated the areas under their receiver-operating characteristic (ROC) curves for each scale stratified by nutrition status and diarrhea type. Statistical significance was established at 0.05. Data analyses were conducted in the Stata 14.2 (StataCorp).
RESULTS
The complete dataset included data for 1,396 participants of which 850 were from the 2014 DHAKA derivation study and FIGURE 1. Dehydration: Assessing Kids Accurately (DHAKA) score. 546 were from the 2015 validation study (Figure 4 ). Of these patients, one participant did not record the nutrition status, and 113 participants did not have a final stable weight recorded because of loss to follow up, leaving 1,282 participants for malnutrition analysis. In addition, one participant did not record the diarrhea type, and seven participants had bloody diarrhea. These patients were excluded in the analysis by diarrhea type because of the small number involved, leaving a total of 1,274 participants included in the latter analysis. Table 1 provides information on the baseline demographic and initial clinical characteristics of the study population. The median participant age was 15 months (IQR = 10-20 months). Overall, 44% (558) of the participants were female. A total of 47% (597) had no dehydration, 41% (530) had some dehydration, and 12% (155) had severe dehydration. Among all children enrolled, 81% (1,042) had no acute malnutrition, 14% (N = 182) had moderate and acute malnutrition, and 5% (58) had severe and acute malnutrition. Of the 1,281 participants with a recorded diarrhea type, < 1% (7) had bloody diarrhea, 65% (828) had watery diarrhea, and 35% (446) had rice-water diarrhea. Table 2 presents an analysis of differences in baseline characteristics between malnourished and nonmalnourished children enrolled in the study. There were no significant differences between the two groups with respect to dehydration status, diarrhea type, or episodes of diarrhea. Females were more likely to be malnourished (P = 0.002). Malnourished children were significantly younger, with a median age of 9 months versus 18 months for nonmalnourished children (P = 0.000). The malnourished children had a statistically significantly longer median number of days of diarrhea before arrival (3) than nonmalnourished children (2; P = 0.000). Table 3 presents an analysis of differences in the baseline characteristics between children with watery versus rice water diarrhea. There were no significant differences between the two groups with respect to sex, malnutrition status, days of diarrhea before arrival, or episodes of diarrhea. Children with rice water diarrhea were significantly older (median age = 17 months) than children with watery diarrhea (median age = 15 months; P = 0.009). In addition, children with rice water diarrhea were significantly more likely to be moderately or severely dehydrated than children with watery diarrhea (P = 0.000).
Stratification of patients with any acute malnutrition (MUAC < 125 mm) and without any acute malnutrition (MUAC ³ 125 mm) showed no evidence of effect modification by nutrition status on any of the nine clinical signs of dehydration (Table 4 ). In addition, a comparison of the crude versus M-H combined risk ratios did not indicate any confounding by nutritional status. Stratification by severe acute malnutrition (MUAC < 115 mm) rather than any acute malnutrition also did not show evidence of effect modification.
By contrast, there was a significant effect modification by type of diarrhea on all of the clinical signs with the exception of sunken eyes and thirst (Table 5) . In all instances, the clinical signs were significantly less predictive of dehydration status among those with rice water diarrhea as compared with those with watery diarrhea. A comparison of the crude versus M-H combined risk ratios did not indicate any confounding by diarrhea type.
Acute malnutrition did not have a significant effect on the accuracy of the DHAKA Score (Figure 5A ), the IMCI algorithm ( Figure 5B ), or the CDS ( Figure 5C ) as per comparisons of their area under the curve (AUC) ( Table 6 ). Diarrhea type did not significantly affect the accuracy of the DHAKA Score ( Figure 6A ) or the IMCI algorithm ( Figure 6B ). The AUC for the CDS was significantly less (P = 0.03) for patients with rice water diarrhea (0.72, 95% CI = 0.67-0.77) than that of patients with watery diarrhea (AUC = 0.78, 95% CI = 0.75-0.82 as shown in Figure 6C and Table 7 .
DISCUSSION
Initial accurate assessment of the hydration status in children suffering from diarrhea is a challenging yet critical task. It determines patient treatment and disposition as well as healthcare resource use; while children with no dehydration can be treated as outpatients and those with some dehydration can be treated using oral rehydration solution alone in a primary care setting, those with severe dehydration require hospital admission and treatment with intravenous fluids. Inappropriate triaging of patients based on the misclassification of their hydration status can cause harm to patients by either insufficient treatment of their dehydration or alternatively unnecessary and invasive interventions. Numerous studies have documented the modest utility of laboratory tests in assisting with the determination of hydration status; individual clinical findings generally have low sensitivity and most authors have concluded that the diagnosis of clinically important dehydration should rely on a combination of clinical signs. [20] [21] [22] Levine et al. 9 have described one of the first empirically derived and validated clinical models for assessment of dehydration in children with acute diarrhea aimed at use by healthcare workers in resource-limited settings.
To our knowledge, our secondary analysis of data from the two prospective cohort studies is one of the first to compare the accuracy of three clinical diagnostic models of dehydration, the DHAKA Score, the IMCI algorithm, and the CDS in children by nutritional status and diarrhea type (rice water versus watery).
The WHO criteria for diagnosis of severe and acute malnutrition includes MUAC of less than 125 mm, the presence of bilateral pitting edema of nutritional origin, or the weight-forheight z-score below −3. 23 The presence of acute malnutrition is thought to present an extra challenge when clinically assessing hydration status in a child with acute diarrhea. It has been hypothesized that the overall appearance and abnormal physiological responses associated with acute malnutrition distort clinical signs such as skin pinch or general appearance that are used to help establish hydration status. In its guidelines for the treatment of malnourished children, the WHO cites difficulty in using clinical signs alone to estimate the dehydration status in severely malnourished children. 24, 25 The WHO further recommends that healthcare providers "assume all children with watery diarrhea may have dehydration" and exhorts vigilance in clinical care and laboratory monitoring of electrolyte disturbances of severely malnourished children with comorbid diarrhea. 25, 26 In contrast to these studies and WHO recommendations, our study demonstrates that clinical signs of dehydration are as accurate in children with acute malnutrition as in children without acute malnutrition, with the caveat that children with bilateral pitting edema were excluded from our study. Stratification by those with any acute malnutrition and without acute malnutrition showed no effect modification on any of the nine clinical signs of dehydration. In addition, acute malnutrition did not have a significant effect on the accuracy of the DHAKA score, the IMCI algorithm, or the CDS to predict any dehydration. Although we do not have the number of children excluded for edema, a recently published study of children admitted to icddr,b between January 2012 and December 2013 for persistent diarrhea found that 3.8% had bipedal edema. 27 Based on these findings we can conclude that healthcare workers worldwide should feel confident in using the standard clinical diagnostic models for predicting dehydration severity in guiding rehydration treatment in children with acute malnutrition as long as they do not have bilateral edema. We hope that this finding will allow for more efficient and effective resuscitation of acutely malnourished children with acute diarrhea and that healthcare providers on the frontlines of providing care to malnourished children will use the clinical diagnostic tools at their disposal to inform their clinical assessments.
Of note, we identified some significant differences among children with and without acute malnutrition that warrant special consideration when providing clinical care and developing targeted health outreach interventions in Bangladesh. Females were significantly more likely to be malnourished than males, which is consistent with previous research indicating that females are more likely to be underweight than their male counterparts in Bangladesh. 28 Malnourished children presented for medical care significantly later in the course of their illness than nonmalnourished children, possibly because of resource constraints impacting both their nutritional status as well as their ability to seek timely care. The median age of malnourished children seeking care for diarrhea was 9 months, which was half of that (18 months) of nonmalnourished children. While analyses of malnutrition in Bangladesh indicate that younger children are at greatest risk for malnutrition, 28 no data were identified that empirically addressed potentially higher rates of malnutrition specifically in children under 1 year of age. This finding merits further research to explore the potential relationship between TABLE 3 The analysis of differences in baseline characteristics between children with watery and rice water diarrhea enrolled in the study While the clinical signs for dehydration were significantly associated with the presence of dehydration in all children, their risk ratios tended to be somewhat smaller in those with rice water diarrhea. While we did not use microbiological testing on stool samples to determine diarrhea types, studies examining the pathogenesis and seroepidemiologic characteristics of cholera have noted the rice water stool appearance of cholera diarrhea. [29] [30] [31] Ritchie et al. 29 note that as part of its mechanism of action, cholera toxin induces exocytosis of mucins and glycoproteins that coat epithelial surfaces of intestinal goblet cells; flecks of these mucin glycoproteins in the stool likely account for the rice water appearance of cholera diarrhea. Alternatively, laboratory testing of acute watery diarrhea in children without rice-water stools have isolated Rotavirus, Salmonella, and Shigella as the most common organisms. 32, 33 Further research will be necessary to determine whether the clinical signs of dehydration are truly different in patients infected with V. cholerae as opposed to other infectious causes of acute diarrhea and what the reasons might be for these differences. It is not surprising, however, that the CDS performed less well in children with rice-water diarrhea as it was derived and validated in North America, a setting where cholera is a rare cause of acute diarrhea as opposed to the DHAKA score, which was derived and validated in a setting where cholera is common.
LIMITATIONS
There are several limitations associated with our study. Children with bipedal edema were excluded from this study as they are treated in a separate unit for malnutrition at the icddr,b rather than in the rehydration unit used for treatment of acute diarrhea. Therefore, there may be differences in the accuracy of clinical signs of dehydration in children with bipedal edema that our study was unable to detect. As previously noted, however, the percentage of children admitted to icddr,b with persistent diarrhea and bipedal edema was found to be 3.8% and we would expect it to be even lower in acute diarrhea. 27 In addition, stool type was classified by study nurses and was not assessed microbiologically to confirm the presence of V. cholerae, although routine stool culture of rectal swabs of patients presenting at the icddr,b is conducted and has documented the presence of endemic V. cholerae in the hospital catchment area. 13 While previous studies have established the linkage between cholera and the characteristic rice-water appearance of the stool as noted previously, caution should be taken in applying these results definitively to V. cholerae. This study combined the participants from two study populations, increasing the sample size; however, the sample of children who were malnourished was still relatively small (N = 240), and the subset of children with severe malnutrition was even smaller (N = 58) and may not have been large enough to detect small differences in the accuracy of clinical signs of dehydration between groups. Despite the small sample sizes, the relatively narrow 95% confidence intervals for the risk ratios for most of the clinical signs of dehydration indicate high precision, giving us confidence in our findings. Although both studies were conducted during the same season in sequential years and followed the same protocols, it is possible that there were small differences in the manner in which they were conducted or that there were differences in disease patterns between the study years that may have affected the results.
CONCLUSION
This study demonstrates that there is no significant difference in the accuracy of clinical signs of dehydration in children under five with acute diarrhea based on their nutritional status. Similarly, the DHAKA score, IMCI algorithm, and the CDS perform equally well in children with and without acute malnutrition. However, most clinical signs of dehydration and the CDS were less predictive of dehydration status in children with acute diarrhea likely caused by cholera than diarrhea likely caused by other organisms. Healthcare workers worldwide should feel confident in using standard clinical diagnostic models for predicting dehydration severity and guiding rehydration treatment in children with acute malnutrition. Further research should be conducted to explore potential differences in the accuracy of clinical signs of dehydration and clinical diagnostic models of dehydration among children with culture-confirmed V. cholerae.
